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Abstract
During night-time, with clear-skies and weak-synoptic pressure gradients,
the organization of the flow at lower levels is mainly controlled by the local
effects, such as terrain or surface heterogeneities. This is the case of the ther-
mal differences between the air adjacent to the slopes and over the nearby
plains that generate downslope winds. The foothills of the north Pyrenees
are selected to study the temporal and spatial scales of the downslope winds
through a high-resolution mesoscale simulation. From the analysis of the
model outputs and the observations, it is found that the organization of the
flow at lower levels can be separated in three well-defined regions. At the
mountain slopes, downslope winds appear close to the surface whereas down-
valley winds form later, after the accumulation of air in the bottom of the
valleys due to the downslope winds. At the foothills, the turning of the wind
(from upslope to downslope) starts before sunset but it depends on the dis-
tance to the Pyrenees, the closer the earlier. Finally, at the Garonne river
plain down-river winds are formed at the end of the night, after the accu-
mulation of the downslope winds from the Pyrenees and the Massif Central.
Furthermore, the physical mechanisms that take place while the downslope
winds travel from the mountain to the plain regions are analysed.
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1. Introduction1
During night-time and under weak-synoptic pressure gradients, thermally-2
driven flows are developed over complex topography due to horizontal tem-3
perature differences (Whiteman, 2000). Downslope winds are produced by4
buoyant forces induced by the temperature difference between the air adja-5
cent to the slope and the ambient air outside the slope whereas down-valley6
winds can be related to the thermal gradient along the valley axis. At a7
larger scale, the temperature difference between the air in a mountain massif8
and the air over the surrounding plains generates mountain-plain winds.9
Zhong and Whiteman (2008), through mesoscale modelling and observa-10
tions in the Salt Lake Valley, found that winds at the slopes inside the valley11
were weaker than downslope winds outside the valley. Stronger winds were12
found on the gentle slopes than on the steep slopes, similar to the analysis13
of Cuxart et al. (2012) in the Ebro basin, whose dimensions are larger than14
the Salt Lake Valley. From the temperature and momentum budget analy-15
sis, Zhong and Whiteman (2008) pointed out that the observed downslope16
winds were produced by the local cooling of the slope surface. A similar pat-17
tern was found by Cuxart et al. (2007) in a quasi-bidimensional gentle slope18
in the Mallorca Island and by Mart´ınez and Cuxart (2009) in a larger and19
more heterogeneous slope in the Duero river basin. From tethered balloon20
soundings, Haiden and Whiteman (2005) showed that the local topography21
along a gentle slope was the responsible for the along-slope flow variations.22
Slope winds may interact with lake breezes (Laiti et al., 2013) or with sea23
breezes (Cros et al. (2004); Bastin et al. (2005)) changing their intensity or24
the distances they reach.25
The area north to the central Pyrenees, in the Garonne basin, is chosen26
to analyse the different types of downslope and down-valley winds gener-27
ated within because it is a good example of steep mountain range adjacent28
to a wide plain area. This basin is limited by the Pyrenees at the south29
and the Massif Central at the east, and the river flows from south-east to30
north-west to the Atlantic Ocean (Fig. 1). The influence of the Pyrenees on31
the atmospheric synoptic flow was analysed in the Pyrenees experiment field32
campaign (PYREX, (Bougeault et al., 1990)). The dense network of obser-33
vations at the north and south sides of the Pyrenees during fall 1990 showed34
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that higher and lower pressures at north and south sides of the Pyrenees,35
respectively, were the responsible of the formation of the three well-known36
regional wind systems in the area (Bougeault et al., 1997): Autan (south-37
eastern wind close to Toulouse), Tramontane (north and north-western wind38
in the Gulf of Lion, Campins et al. (1995)) and Cierzo (north-western wind39
in the Ebro river basin, Masson and Bougeault (1996)), see locations in Fig.40
1. Recently, the Boundary Layer Late Afternoon and Sunset Turbulence41
(BLLAST) experimental field campaign has been made in Lannemezan (la-42
belled as LZ in Fig. 1), at the foothills of the Pyrenees, during June and43
July 2011. The aim of this project is to have more and better observations44
of the late afternoon transition and to further explore the mechanisms that45
control it. Observations are currently being analysed (Lothon et al., 2010).46
The current work is devoted to study the organization of the flow at47
lower levels under night-time conditions in the northern Pyrenees through48
the inspection of a high-resolution mesoscale simulation. The main objective49
is to analyse the relevant factors in the generation of downslope winds and50
characterise their temporal and spatial scales. The simulated conditions and51
the model setup are explained in section 2. In section 3 the organization52
of the flow is analysed and section 4 is devoted to a deeper study of the53
downslope winds in the foothills region. Finally, the conclusions are given in54
section 5.55
2. Model setup and description of the simulated conditions56
The mesoscale model MesoNH (Lafore et al., 1998) is run with a setup57
already used in previous studies. For instance, the organization of the flow58
during the night-time in the Island of Mallorca made by Cuxart et al. (2007),59
in the Duero river basin as described in Mart´ınez et al. (2010) or, more60
recently, in a fog case event in the Ebro river basin (Cuxart and Jime´nez,61
2012). For all the regions studied, the model provides results that compare62
well to the available observations. A brief description of the model choices is63
given in Table 1. The horizontal resolution is 2 km × 2 km and covers the64
Garonne river basin, including the Pyrenees and the west part of the Massif65
Central. The vertical resolution is fine close to the surface (3 m) and becomes66
coarser as height increases in order to have a better characterization of the67
physical processes that take place at lower levels, as it was pointed out by68
Jime´nez et al. (2008).69
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Figure 1: Simulation domain which covers the Garonne river basin with the Pyrenees at
the south and the Massif Central at the east. Topography lines at 200, 400, 1000 and 2000
m (above sea level, ASL) are labelled and in dots there are the locations of the available
surface weather stations (in circles the stations at the coast, in squares those at the plain
and in white triangles at the foothills). Some of the locations are labelled (SG: Saint
Girons, TA: Tarbes and LZ: Lannemezan in the slopes and TO: Toulouse, AG: Agen and
LT: Lamonthe in the plain).
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Table 1: Summary of the setup of the run made with the MesoNH model (Lafore et al.,
1998).
Domain 200 ×300 gridpoints
Horizontal Resolution 2 × 2 km
Vertical resolution near the ground: ∆z = 3 m;
(following-terrain at z = 500 m: ∆z = 7 m;
coordinates) top of the domain at 9270 m with ∆z = 600 m
Equation system Durran (1989)
Initial and lateral Analysis from the ECMWF every 6 hours
boundary conditions
Radiation scheme Morcrette (1990)
Longwave: Mlawer et al. (1997)
Shortwave: Fouquart and Bonnel (1980)
Advection Scheme Flux corrected second order centered
Turbulence Scheme TKE scheme: Cuxart et al. (2000)
mixing length: Bougeault and Lacarre`re (1989)
Surface Scheme Soil and vegetation: ISBA (Noilhan and Planton, 1989)
Sea and inland waters: Belamari (2005)
Urban and artificial areas: Masson (2000)
Land use: ECOCLIMAP (Masson et al., 2003)
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2.1. The case studied70
A case with a weak synoptic pressure gradient and clear-skies in the area71
of interest is chosen. The simulated period goes from 30th June 2010 at72
0600 UTC until 1st July 2010 at 1000 UTC (local time is equal to UTC73
time for this area) to allow the model to develop the nocturnal circulations74
after the diurnal spin-up. The run is initialised using an analysis of the75
European Centre for Medium-Range Weather Forecasts (ECMWF) and the76
lateral boundary conditions are refreshed every 6 hours. The domain is wide77
enough to cover the Pyrenees mountain range and the foothills region, to have78
a proper representation of the downslope winds and avoid problems with the79
lateral boundary conditions, as it is suggested by Warner et al. (1997).80
The synoptic wind in the area of interest is weak (the estimated geostrophic81
wind is around 1 m s−1) from north at the beginning of the run later turning82
to south-west due to a low pressure system located in the western side of83
England. Therefore, the turbulence, the radiation and the surface schemes84
play a central role in the modelled evolution of the flow.85
Observations in Lannemezan (at the foothills of the Pyrenees, labelled86
as LZ in Fig. 1) during the period 2001-2009 show that about 50 % of87
the days have slope winds (Barneoud et al., 2010). In good correspondence88
with the local topography of the area, during the day the wind is from the89
northern sector (uphill) whereas it is from southern sector at night (downhill).90
The chosen period in this work is a representative case of the atmospheric91
conditions where slope winds are generated, according to Barneoud et al.92
(2010).93
2.2. Observations94
The data available to us from the French meteorological official network95
is not large. Besides, many of the stations are located at the coast, in very96
narrow valleys and/or in the peak of mountains (see dots in Fig. 1).97
During the night 30th June - 1st July 2010, the wind speed at 10 m was98
weak (on average, less than 2 m s−1) in most of the available surface stations99
in the basin. The 10 m - wind direction followed the local slopes, indicating100
that this factor was the main responsible for the organization of the flow at101
lower levels.102
Observations from some selected automatic surface weather stations in103
the foothills coloured in yellow and green in Fig. 1 (Lannemezan, Saint104
Girons and Tarbes, labelled as LZ, ST and TA, respectively) and plain in105
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Figure 2: Observed time series at some selected surface stations at the foothills (left, Lan-
nemezan, Saint Girons and Tarbes) and at the plain (right, Agen, Toulouse, Lamonthe).
The locations are indicated in Fig. 1. (a) and (b) 10 m - wind speed (in m s−1); (c) and
(d) 10 m - wind direction (in ◦) and (e) and (f) 2 m - temperature (in ◦C). Time goes
from 1500 UTC on 30th June 2010 to 1000 UTC of the next day. The black vertical lines
indicate the sunset and sunrise hours.
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blue in Fig. 1 (Agen, Toulouse and Lamonthe, labelled as AG, TO, LT,106
respectively) are shown in Fig. 2.107
At the foothills and plain, during the central part of the day, the wind is108
from the north, corresponding to the uphill direction (Fig. 2a and 2b). At109
the foothills, the turning of the wind starts 2 hours before sunset and takes110
4 hours to become south-east, a direction that will remain during the whole111
night (Fig. 2a). This turning is nearly simultaneous (the starting and the112
duration) in all the selected stations at the foothills since all of them are113
placed at about the same distance from the mountain range slopes. On the114
other hand, at the plain (Fig. 2b) the turning of the wind starts later, at115
midnight in Toulouse and 3 hours later in Agen, when the air that flows down116
from the Pyrenees reaches the area. However, in all locations at the plain117
the turning is completed faster than at the foothills. Since Agen is farther118
from the Pyrenees than Toulouse the turning of the wind starts later than in119
Toulouse. Nothing can be said about Lamonthe where observations indicate120
calm winds from sunset to sunrise.121
The wind speed at the foothills is close to calm at sunset (1945 UTC)122
and it increases afterwards, with values lower than those during the daytime123
(Fig. 2c) but this pattern is not seen as clearly as at the plain (Fig. 2d).124
At the foothills, the cooling rate is larger in the evening (7 K/4 h, Fig. 2e),125
when the winds are less intense and the net radiation rapidly decreases, than126
after midnight (2 K/5 h), when the downslope winds are established. On the127
other hand, the cooling rate is constant in Lamonthe and Agen (placed at the128
plain, Fig. 2f) during the whole night (9 K/5 h in the evening and 2 K/4 h129
after midnight). Although Toulouse is also located at the plain, at 0000 UTC130
the wind suddenly changes from upslope to downslope directions meanwhile131
the wind speed increases and the 2m-temperature decreases 3 K/1 h. This132
might indicate that the downslope winds travelling from the mountain range133
to the plain are colder than the air at the foothills. This is further explored134
in section 4 through the model outputs.135
Just after sunrise (0425 UTC) the temperature warms up fast (10 K/5136
h at the foothills and 12 K/5 h at the plain). About 2.5 hours later (0600137
UTC), at the foothills the wind veers to north (upslope direction) and the138
turning is delayed at the plain while the wind speed slightly decreases (Fig.139
2c).140
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Figure 3: Wind vectors at 50 m AGL over the topography (in colours) at different instants:
(a) 30th June at 2200 UTC and (b) 1st July at 0400. There is one arrow plotted every 8
gridpoints (16 km) and the length indicates the intensity of the wind (maximum intensity
8 m s−1). The topography lines at 400, 600, 1000, 2000 and 2400 m ASL are also included.
The vertical cross-section in Fig. 4 is indicated with a red line. The black line above the
Pyrenees indicates the zero distance in Fig. 7 and 8. The surface stations in Fig. 2 are
indicated with blue triangles (foothills) and squares (plain).
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Figure 4: Vertical cross-sections over the foothills region (from Lannemezan to Lamonthe,
indicated with a red line in Fig. 3a). (a) and (b) Wind direction (in colours) and wind
speed (in lines every 1 m s−1) at 2200 UTC and 0400 UTC, respectively. The same in (c)
and (d) but for the wind speed (in colours) and the potential temperature (in lines every
1 K starting from 295 K in white and 301 K in black).
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Figure 5: (a) Comparison of the observed and simulated 10 m - wind speed (in m s−1)
at 0400 UTC for the surface stations indicated in Fig. 1. Each symbol is related to the
region where the surface station is located. The same in (b) and (c) for the 10 m - wind
direction (in ◦) and 2 m - temperature (in ◦C), respectively. The diagonal shows the ratio
1:1.
3. Model results141
To illustrate the modelled patterns at lower levels in the Garonne river142
basin, Fig. 3 shows the wind vectors at 50 m above the ground level (AGL)143
at 2200 UTC and 0400 UTC.144
Before sunset, the synoptic wind has weakened and the local effects play145
the main role at lower levels, similarly to what is found in other locations146
that have been studied using a similar model setup (Cuxart et al. (2007);147
Mart´ınez et al. (2010)). At 2200 UTC (Fig. 3a), the model shows that the148
predominant direction of the wind at lower levels is from south at the foothills149
of the Pyrenees, corresponding to the downslope wind direction. Fig. 3a150
clearly indicates that downslope winds are present at the foothills whereas151
at the plain the wind has still the diurnal direction (north), in agreement152
with the observations in Fig. 2. This is related to a low-pressure system153
placed in the western side of England that generated northerly winds in the154
Garonne river basin at the beginning of the simulation but it weakens as time155
advances. As night progresses, the air flows down to the middle Garonne from156
where the wind blows down-river to the Atlantic Ocean. The model results157
at 0400 UTC (Fig. 3b), agree with the observations and downslope winds158
are present at the plain and foothills.159
To further evaluate the slope winds seen by the model, the vertical cross-160
sections of the temperature and wind fields from Lannemezan to Lamonthe161
(following the red line in Fig. 3a) are shown in Fig. 4 at 2200 UTC and162
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Figure 6: Land-Surface Temperature (LST, in ◦C) obtained from the model (left panel)
and derived from MODIS (right panel) at two instants: (a) and (b) 30th June at 2200
UTC and (c) and (d) 1st July 0200 UTC. The topography lines at 400, 600, 1000, 2000
and 2400 m ASL are also included. The surface stations in Fig. 2 are indicated with black
triangles (foothills) and squares (plain).
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0400 UTC, corresponding to the early and mature phases of the slope winds,163
respectively. It is found that the downslope winds are initiated in the upper164
part of the foothills and as the night progresses they travel to the river,165
following the local slopes. Thus, at 2200 UTC the wind is from south in the166
upper part of the foothills whereas it is from north in the southern part (Fig.167
4a). The maximum intensity of the downslope winds is located close to the168
surface (about 50 m AGL), at the top of the surface inversion (Fig. 4c), and169
with intensities of about 3-4 m s−1.170
At 0400 UTC, the wind is from south in the foothills and plain (Fig. 4b).171
However, downslope winds are more intense in the upper part of the foothills172
(Fig. 4d) than in the lower part where they are more elevated (about 100 m173
AGL). This is related to the presence of jets at the exit of the valleys, as it was174
found in Pamperin and Stilke (1985) from atmospheric soundings at the exit175
of the Inn valley (Austria). The model is able to reproduce these valley exit176
jets when the resolution is accurate enough to reproduce the topographical177
features of the valleys. However, the analysis of the valley exit jets is beyond178
the objectives of this work.179
3.1. Verification180
The verification of the model is made using the available surface obser-181
vations in the Garonne river basin (see locations in Fig. 1). The modelled182
results agree with the available surface stations in the Garonne river basin as183
it is seen in Fig. 5. The 10 m wind speed and direction are well reproduced184
by the model although it overestimates the observed calm winds in some185
stations, mainly located in the plain, because the measured wind is close to186
the threshold value of the wind sensors. On the other hand, the model is187
not able to reproduce the nocturnal cooling at most of the stations located188
in the slope and plain areas (Fig. 5c). This is further explained at the end189
of this section.190
According to Jime´nez et al. (2008) the modelled surface temperatures can191
be compared to those derived from satellite images. Data from MODerate192
resolution Imaging Spectroradiometer (MODIS, Salomonson et al. (1989))193
on board of the polar Aqua and Terra satellites (version 5 data Level 2)194
are used, covering the area of interest at an approximate nominal horizontal195
resolution of 1 km × 1 km (at nadir). During the studied period, there are196
two available MODIS Land-Surface Temperature (LST) fields: at 2200 UTC197
and 0200 and in Fig. 6 they are compared to those LST obtained from the198
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MesoNH model. The white areas in the MODIS images indicate the presence199
of high-clouds.200
It is found that the model is able to reproduce the observed temperature201
patterns in the Garonne river basin. The model sees that the city of Toulouse202
is warmer than its surroundings, in agreement with the satellite observations.203
During the evening (at 2200 UTC, Fig. 6a and 6b), the model is able to204
reproduce the satellite-observed patterns the foothills but it has a warm bias205
up to 2 K in some areas at the plain.206
At night (0200 UTC, Fig. 6c and 6d), the model is not able to reproduce207
the cold area in the west side of France, a forested area called Parc naturel208
re´gional des Landes de Gascogne. It is important to have in mind the two209
types of LST fields that are compared here. For this forest region, the MODIS210
LST corresponds to the temperature at the top of the tree whereas the mod-211
elled one corresponds to the temperature at the surface, below the trees. In212
night-time conditions, and in a dense forested area, the temperature differ-213
ence between the surface and the top of the tree can be significantly large.214
This might explain the differences between the modelled and satellite-derived215
LST in the Les Landes region.216
The comparison of the modelled and observed temperatures close to the217
surface indicates that, at the end of the night, the model is about 1-2 K218
warmer than the observations (Fig. 5c and 6) as it was pointed out by219
Jime´nez et al. (2008) for a similar simulation over the Island of Mallorca220
or Mart´ınez et al. (2010) in the Duero basin. They found that the chosen221
resolution of the topography and the representation of the surface character-222
istics in the model climatological database were the responsible of the warm223
bias between the simulated and observed 1.5 m - temperature fields. A sim-224
ilar warmer bias for the nocturnal temperatures was found by Seaman et al.225
(2012) through a mesoscale simulation over a more complex terrain region226
in Pennsylvania (USA) or by Edwards (2009) or Zhang et al. (2009) for cli-227
mate simulations over the United States. On the other hand, under calm228
nights mixing is enhanced at lower levels in most of the turbulence schemes229
(as it is seen in the intercomparison exercise of Cuxart et al. (2006)) and,230
consequently, it does not allow enough surface cooling, independently of the231
chosen horizontal resolution, as it was pointed in Jime´nez and Cuxart (2005).232
The differences between the model results and the observations can be233
also related to the Monin-Obukhov similarity theory applied and lower levels234
that imposes a behaviour in the surface layer that might not correspond to235
the observed one.236
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4. The winds at the foothills and plain237
4.1. Analysis of the southerly wind238
To evaluate the spatial and temporal evolution of the downslope and239
down-valley winds on the foothills and plain of the Pyrenees, the modelled240
gridpoints of this region have been classified according to the wind direction241
at lower levels (up to 200 m AGL) for several instants from 1800 UTC to242
1000 UTC of the next day. Fig. 7 shows the percentage of the grid points243
with a southerly wind (wind direction below 200 m AGL ranging between244
120◦-240◦) along the black line in Fig. 3 and along an equally long line at a245
certain distance, perpendicular to it.246
The averaged topography and the standard deviation for the whole line247
and for each distance is also included in the plot to have an estimation of248
the three main regions of interest. The largest mean heights and standard249
deviation values are in the mountain region (distances from 0 to 30 km in250
Fig. 7) and it mainly includes valleys between high mountain peaks in the251
Pyrenees. The lowest mean heights are found in the plain (distances larger252
than 100 km in Fig. 7). Between those regions, the foothills region is con-253
sidered (from 30 km to 100 km in Fig. 7) where the mean height decreases254
with the distance.255
Close to the sunset (Fig. 7, top), the percentage of points with southerly256
wind speed starts to be significant at the foothills of the Pyrenees and inside257
the valleys in the mountain region. It is related to the beginning of the local258
generation of downslope winds and the amount of points increases as the259
night advances.260
From 2200 UTC to 0200 UTC (Fig. 7, middle) the distance from the261
Pyrenees where downslope winds are found increases progressively in time262
(about 40 km in 4 hours, with an averaged wind speed of 2.8 m s−1) since the263
air flows down following the local topography to reach the middle Garonne264
river. Inside the valleys (the mountain region in Fig. 7), the number of points265
with down-valley winds increases, since the valley exit jets are formed. At266
the foothills, the percentage decreases with the averaged terrain elevation267
above the sea level and the maximum remains nearly constant (around 70268
%), meanwhile at the plain region it is close to zero.269
From 0200 UTC to 0600 UTC, the number of points with southerly wind270
starts to increase at the plain region. This can be related to down-river271
winds generated after the accumulation of air in the middle Garonne river272
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Figure 7: Percentage of the grid points with southerly wind (wind direction below 200 m
AGL ranging between 120◦-240◦) along the black line in Fig. 3 and along an equally long
line at a certain distance, perpendicular to it. This percentage is plotted every 2 hours
from 1800 UTC to 1000 UTC of the next day. The averaged topography of the whole line
(in m, ASL) for each distance from the Pyrenees is shown with a black thick line and the
standard deviation with a thinner black line (see right-hand side scale). The vertical lines
indicate the three regions with different features explained in the text: mountain, foothills
and plain.
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from the arrival of the downslope winds generated in the Pyrenees and the273
Massif Central (see Fig. 3b).274
After sunrise (Fig. 7, bottom), the number of points with southerly wind275
decreases at the foothills (from 90 % to 10 %) and the mountain regions (from276
70 % to 30 %, on average), but the latter at a lower rate. This is related277
to the fact that downslope winds weaken faster than down-valley winds, as278
it was seen in Fig. 4. However, in the plain this percentage increases up to279
0900 UTC (4.5 hours after sunrise). At 1000 UTC in most of the areas in the280
foothills the wind is from the upslope direction (percentage of southerly wind281
points close to zero), although the strong and highly channelled down-valley282
and down-river winds take longer to veer than the downslope winds.283
4.2. Temporal and spatial evolution of the maximum wind speed284
To further study the downslope and down-valley winds, some statistics285
are computed for the southerly maximum wind speed points. At every grid286
point, the wind maximum is inspected up to 350 m AGL and if there are287
several maximum at different levels, only the lower one is included in the288
computations. With this restriction the maximum wind speeds are related289
to downslope or down-valley winds whereas those of another origin are not290
considered. The following grid points are not included in the statistics: (i)291
the gridpoints where the wind is weak (close to 1 m s−1) and no significant292
wind maximum is found, or (ii) the gridpoints that have a wind maximum293
below 350 m AGL but the wind nose is less than 1 m s−1. It is found that294
about 50 % of the points in Fig. 7 fulfil these conditions and have a southerly295
jet at lower levels.296
The maximum wind speed and the height of the maximum are averaged297
over each line (starting from the black line in Fig. 3) in Fig. 8a and 8b,298
respectively, at some selected instants. The averaged temperature gradient299
(dT/dz) below the maximum is also computed in Fig. 8c and the wind300
direction of the maximum at 2200 UTC and 0600 UTC is shown in Fig. 8d301
as a function of the distance from the Pyrenees.302
In the mountain region, the intensity of the averaged wind maximum303
increases in time since these points are mainly located at the exits of the304
valleys in the Pyrenees and correspond to valley exit jets. The standard305
deviation of the averaged wind speed is large in this region (not shown) due306
to the wind variability, depending if a gridpoint is located at the exit of a307
valley or not. However, as we move away from the exit of the valleys towards308
the foothills, the effect of the down-valley winds is reduced and the averaged309
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Figure 8: (a) Averaged wind speed (in m s−1) of the southerly wind maxima points for
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UTC. The vertical black lines indicate the three regions with different features explained
in the text: mountain, foothills and plain.
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wind maximum and the height where it is found decrease with the distance310
(Fig. 8a and 8b), as it is seen in Figure 13 in Zhong and Whiteman (2008).311
The temperature gradient increases as night progresses (Fig. 8c) reaching a312
stationary state between 0200 and 0600 UTC, when down-valley winds are313
established (Fig. 8a).314
In the foothills region, the intensity of the averaged wind maximum is315
nearly constant (about 3 m s−1, Fig. 8a). A similar value can be derived316
from Fig. 7 between 2200 UTC and 0200 UTC (the percentage of points with317
southerly wind has advanced 40 km in 4 hours towards the plain direction).318
The downslope winds in this region are located at the same level of the319
top of the temperature inversion (Fig. 4), a height that slightly decreases320
with the distance from the Pyrenees (Fig. 8b). In the evening (2200 UTC)321
the temperature gradient linearly increases with the distance, for the three322
regions in Fig. 8c. This is related to the fact that near the surface the323
temperature cools down in the plain faster than in the foothills, in agreement324
with the satellite observations in Fig. 6. As night progresses, and due to the325
arrival of downslope winds in the foothills, mixing is produced at lower levels326
due to the wind shear and the temperature gradient is reduced (Fig. 8c).327
Since the 2m-temperature decreases when the downslope winds reach a region328
(for instance in Toulouse, Fig. 2f), when the downslope winds travel through329
the foothills they are colder than the ambient air, indicating that they behave330
like a gravity current.331
The maximum wind is from south-west at the beginning of the night (2200332
UTC, (Fig. 8d), due to the presence of downslope winds (Fig. 3a). However,333
the values are less focused as the night progresses (Fig. 8d) probably related334
to the fact that the downslope winds adapt to the local slopes once they335
reach the foothills region, as in Haiden and Whiteman (2005).336
Finally, in the plain region, the progressive accumulation of air in the337
centre of the river axis makes that the averaged intensity and height of the338
wind maxima increase as time advances (Fig. 8a and 8b, respectively). The339
down-river direction is from south-east and nearly constant after midnight340
(Fig. 8d), in agreement with the observations (Fig. 2b). It is important to341
mention that the reverse of the wind in this region (from down to up-river) is342
not completed at the end of the run (1000 UTC) and from the observations343
in Toulouse it is around 1200 UTC.344
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5. Conclusions345
During calm nights, downslope and down-valley winds are generated at346
the slopes of the north Pyrenees. From the analysis of the model outputs and347
the available observations in the foothills region, it is found that downslope348
winds travel from the mountain to the plain at an average wind speed of349
3 m s−1 from 2200 UTC to 0400 UTC and they are placed below 100 m350
above the ground. Once the downslope winds reach a certain location at351
the foothills, the wind turns towards the downhill direction, the wind speed352
increases and the 2m-temperature diminishes, indicating that the downslope353
wind is colder than the ambient air. Thus, the downslope winds behave like354
a gravity current and the mixing is mainly generated by the wind shear.355
Three well defined regions are found to understand the organization of356
the flow at lower levels:357
• mountain. At the beginning of the night, downslope winds are gener-358
ated in the walls of the valleys and favour the accumulation of air in the359
bottom areas. Thus, down-valley winds are formed, highly channelled,360
that will from then on be stronger than the downslope flows. As a361
result, the stronger winds are located at the exits of the valleys, corre-362
sponding to valley exit jets, whereas in the rest of the slopes, downslope363
winds are present. Further work is needed to properly characterise this364
region. In this work we have focused the attention to the other regions.365
• foothills. Before sunset, downslope winds appear in the upper foothills366
and they progress to the lower foothills as night advances with a mean367
wind speed of 3 m s−1. The time when the turning of the wind (from368
upslope to downslope) is produced depends on the distance to the Pyre-369
nees, the closer the earlier, in agreement with the observations. The370
maximum speed of the downslope winds is located at lower levels (be-371
low 100 m above the ground) at the temperature inversion height and372
its intensity remains nearly constant during the night. 1.5 hours af-373
ter sunrise, the wind starts veering from the downslope to the upslope374
direction, in agreement with the observations.375
• plain. Later in the night (around 0200 UTC), the downslope winds from376
the Pyreness and the Massif Central foothills reach the mid-Garonne377
region, where down-river winds are formed. The turning of the wind378
(from uplope to downslope) takes longer in the foothills than in the379
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plain, in agreement with the observations, since it happens when the380
downslope winds converge to the river axis. After sunrise (between381
0600 UTC and 1000 UTC), the wind direction is from S-SE in the382
plain. Down-river winds are more difficult to diminish because they383
are more concentrated and with stronger wind speeds than downslope384
winds.385
At higher levels, it is difficult to find a return current of the downslope386
winds where the flow can be perturbed by other motions of larger scales387
(basin or synoptic), specially for complex terrain regions, as the one chosen388
in this study.389
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1) The organization of the mountain-valley flow at lower levels during the night-time and under clear-
skies and weak wind conditions is presented here. 
2) The foothills of the north Pyrenees are selected to study the temporal and spatial scales of the 
downslope winds through a high-resolution mesoscale simulation.  
3) At the Pyrenees foothills, the turning of the wind (from upslope to downslope) starts before sunset 
but it depends on the distance to the Pyrenees, the closer the earlier. 
4) A statistical analysis of the model outputs is made to find the temporal and spatial scales of the 
downslope winds. 
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